Sweet sorghum (Sorghum bicolor L. Moench) contains fermentable sugars in the stem that can be converted to ethanol. The current study aimed at evaluating the performance of three sweet sorghum genotypes with five checks and contributes towards availing suitable sweet sorghum for industrial ethanol production. Field studies were carried out in Kenya at varied locations in a randomized complete block design with three replications. Sorghum was harvested at hard dough stage of grain development and evaluated for several stem juice production traits including plant height, cane yield, juice volume, degrees Brix, total, reducing, and non-reducing sugars, and ethanol yield via juice fermentation. Analyses of variance using SAS version 9.1 showed a significant effect of genotype for morphological characters and ethanol yield. Genotype EUSS10 produced the greatest cane (27.4 T/ha) and juice yield (7806.7 L/ha) whereas ACFC003/12 recorded the greatest ethanol yield (423.1 L/ha). At all sites, EUSS10 had the greatest plant height and days to 50% heading whereas SS04 had the greatest Brix and total sugar concentration. The greatest grain yield and non-reducing sugar concentration was produced by SS17 and SS21, respectively. Results of this study show that though Brix and total sugars are desirable for ethanol yield, cane yield, and juice volume of sweet sorghum determines the ultimate volume of ethanol produced.
Introduction
Sweet sorghum (Sorghum bicolor L. Moench) is an energy crop that produces large quantities of stem juice with readily fermentable sugars that can be converted to ethanol through fermentation. It is a C 4 species with high photosynthetic capacity and drought tolerance and therefore, can be cultivated in most temperate and tropical climates (Dalvi et al., 2013) . Juice composition affects the amount of ethanol produced (Widianto et al., 2010) and composition is affected by genotype, environment and crop harvesting time (Almodares and Hadi, 2009) . Sweet sorghum fermentable sugars in the juice are comparable to that of sugarcane and can be fermented directly into ethanol with an efficiency of more than 90% (Wu et al., 2010) .Sweet sorghum biomass is renewable and can be used for transportation fuel, electricity and chemical production (Ceclan and Pop, 2012) . It stands out as the most promising source of raw material for energy and industry among several bioenergy crops (Gosse, 1996) . It has rapid growth, higher biomass yield, and wider adaptability than other crops (Pavli et al., 2013) and it is a renewable, cheap and widely available resource (Thanapimmetha et al., 2011) .
It is projected that world energy demands will continue to expand by 45% between 2008 to 2030, forcing countries to develop alternative fuel sources such as the use of gasoline blended with ethanol for automobile fuel as in India and Brazil (Ratnavathi et al., 2012) . Bioethanol fuels produced from agricultural raw materials are considered clean fuels for automobiles and are an alternative to fossil fuels (Imam and Capareda, 2012) . Favourable traits of sorghum bioethanol are: less sulphur content in ethanol, a high octane rating and automobile friendly as up to 25% of the ethanol-petrol mixture can be used without engine modification . Sweet sorghum fulfils requirements for energy crop proposed by Matsuoka et al. (2014) including being a perennial plant, have welldeveloped agronomic practise, the feedstock is easily and reliably transformed into useful forms of energy and has a favourable cost of production and delivery. Sweet sorghum accumulates more sugars in their stems than other sorghum types as it matures. It consists approximately 75% cane, 10% leaves, 5% grain and 10% roots when mature (Grassi et al., 2002) .
Sweet sorghum cane juice is mainly comprised of three fermentable sugars; sucrose (70%), glucose (20%) and fructose (10%) which vary depending on variety and environment (Prasad et al., 2007) . A high sucrose level at maturity is attributed to low activity of soluble acid invertase and high activity of sucrose synthase in the stem (Tarpley et al., 1994) . After flowering, the sucrose content increases while invert sugar decreases (Almodares et al., 2010) . Total sugars comprise reducing sugars and non-reducing contained in the stem juice. The total reducing sugars in sweet sorghum is the sum of glucose and fructose contained in stem juice and is used as one of the quality parameters by sugar and ethanol industries (Parrella et al., 2016) . Sugars have significant bearing on ethanol yield therefore high sugar yielding genotypes need to be selected .
To obtain maximum ethanol yield, sweet sorghum genotypes could be selected for height, Brix, total sugars, nonreducing sugars, reducing sugars, biomass, cane yield, and juice yield as these characters have a positive relationship with ethanol yield (Rani and Umakanth, 2012) . Under favourable conditions, sweet sorghum can produce 7682 litres of ethanol per hectare (Murray et al., 2009) . In central Greece, the cultivar 'Keller' produced high dry biomass and ethanol yield ranging 21.0-33.6 Mg/ha and 5120-8390 L/ha, respectively (SakellariouMakrantonaki et al., 2007) . However, in Kenya sweet sorghum has not received much attention and it has not been cultivated commercially on a large scale. The objective of this study was to identify superior sweet sorghum cultivars for ethanol production by evaluating their productivity in different regions of Kenya.
Materials and Methods

Site Description
Sweet sorghum field experiments were conducted in Kisumu, Siaya and Busia Counties of Kenya. The specific sites were Sinyanya (00 (Jaetzold et al., 2009) . In general, the soil in these areas was sandy clay loam, slightly acidic (pH =4.4-6.0) and was poor in nitrogen (0.1-0.2%) and phosphorous (5.5-9.8 ppm).
Experimental Design
Eight sweet sorghum genotypes were grown in a randomized complete block design. The new genotypes were EUSS10, EUSS11 and EUSS17 and compared to common ACFC003/21, SS04, SS14, SS21 and SS17 genotypes. Seed sowing was done at the onset of the rains at a seed rate of 8Kg/ha. Sorghum was sown on 18-March in Sinyanya and Masumbi and 19-March 2014 in Mundika for the first season. Sorghum was sown in the second season on 13-September 2014 for both Mundika and Sagam while Nyahera was planted on 24-September 2014. Genotypes were sown in 0.60 m rows in plots measuring 4×2.5 m in a randomized complete block design with three replications. Each plot consisted of four rows of sorghum and the blocks were separated by a 1.5 m alley. Triple superphosphate fertilizer was applied uniformly to all plots at a rate of 17.2 kg/ha at planting. Weeds were controlled manually using hoes three weeks after seedling emergence and sorghum was thinned to a spacing of 0.10 m within-row and top dressed with calcium ammonium nitrate (25% N) at the rate of 20 kg N/ha. Bird netting was applied soon after the panicles formed to prevent grain predation.
Field Data Collection
Emergence was observed in all plots two weeks after planting and stand counts were conducted at 3-4 leaf stage or later. Days to 50% heading was determined by calculating the number of days from sowing to when 50% of the sorghum heads in each plot had produced grains. Sorghum genotypes were monitored until they attained the hard dough stage at which plant height was recorded and crops harvested. Three randomly selected plants from each cultivar in all replicates were used for recording plant height. Plant height was measured from base of stem to tip of panicle and data averaged across three plants.
Harvesting occurred approximately 16 weeks after sowing in the three sites: Masumbi, Mundika and Sinyanya for the first season, and approximately 14 weeks at Sagam and Mundika and 13 weeks at Nyahera for the second season. Plants from the middle two rows of each plot were cut to a stubble height of 0.05 m, leaves were stripped off by hand, and panicles removed using secateurs. Panicles were sun dried, threshed and winnowed manually.
The grain was weighed and yields in tonnes/ha was calculated. The fresh weight of harvested stalks was determined and stalks were then transported to the laboratory for juice extraction. Juice was extracted with a one roller crusher (FuanLiyuan, China, type YC 80B-4) and strained through a sieve into a juice container. The volume of juice was recorded and degrees Brix (%) was measured with a hand refractometer (RHB0-90ATC, Fujian, China). After juice extraction, wet bagasse weight was recorded immediately. The bagasse moisture content was determined through modified method of Anwar (2010) 
Ethanol and Sugar Analysis
A 100 ml aliquot of extracted juice from each plot was fermented at 35 o C for four days using Saccharomyces cerevisiae (WT, 1.5%) and then distilled to obtain ethanol. The active dry brewer's yeast (Angel Yeast Co., Ltd., china) was added directly to sample juice bottles, mixed then sealed and left to ferment. The fermented juice was transferred to rotary evaporator (Buchi Rotavapor R-205) and run for 30 minutes at 78 0 C. A refractometer (RFM 3330, Bellinghant Stanley limited) was used to determine the concentration of ethanol in the distillate. The refractive index of distillate was compared with a standard curve created from absolute ethanol diluted with distilled water to create concentrations of 0, 5, 10, 15, 20, 25 and 30% ethanol. Ethanol was then expressed as mL of ethanol per litre of fermenting sweet sorghum juice. Ethanol yield (L/Ha) was estimated from juice yield per hectare of each genotype as follows:
Ethanol yield (L/Ha) = L ethanol ÷ L juice x litres of juice per hectare…………………3
Total soluble sugars was determined by phenol-sulphuric acid method (Dubois et al., 1956 ) whereas reducing sugars was determined by Dinitrosalycyclic acid method (Miller, 1959) . Non-reducing sugars was estimated by subtracting reducing sugars from total sugars.
Data Analysis
Data on cane yield, juice volume, Brix, percent juice extractability, plant height, days to 50 % heading, grain yield, and ethanol yield were subjected to analysis of variance (ANOVA) and means were separated using LSD at P<0.05. ANOVA was conducted with SAS software version 9.1 with genotype and environment as fixed effects and replication as random. Data as presented for the genotypes was pooled across locations.
Results and Discussion
Days to 50% Heading, Plant Height and Green Cane Yield
Days to 50% heading, plant height, and cane yield varied by genotype. The time difference between early and late maturing was about 2 weeks. Genotype SS21 was early maturing while EUSS10 was late to mature taking 67 and 82 days, respectively to reach 50% heading (Table 1) . Genotype EUSS10 took a similar number of days to reach 50% heading with the control SS14, both taking about 4 more days than SS04, EUSS11, EUSS17, and ACFC003/12. EUSS11 and EUSS17 took 3 and 10 more days than the controls SS17 and SS21, respectively to reach 50% heading. These results are in accordance with findings of Shivani and Sreelakshmi (2014) where days to 50% flowering were found to range from 51 to 79 days. Cane yield is known to be significantly positively correlated with stem diameter and plant height (Audilakshmi et al., 2010) and was so with plant height in this study (Table 4) . Plant height and cane yield are known to differ among sorghum cultivars ranging from 1.91 to 2.68 m and from 54 to 69 T/ha, respectively (Almodares et al., 2008; Prasad et al., 2013) . Late maturing genotypes tend to accumulate high biomass (Ouma and Akuja, 2013) which explains high cane yield produced by EUSS10, which took longer to mature. Similar to sugarcane, an important yield component in sweet sorghum is plant height, which determines harvestable stalk. The longer the stalk, the more likely that genotype will provide greater cane yield, thus it is not surprising that EUSS10 resulted in the greatest yield while SS21 gave the least.
Juice Yield, Extractability, Bagasse Moisture and Grain Yield
There were no differences among sorghum genotypes for percent extractability and bagasse moisture, which averaged 42.9 and 38.8%, respectively ( Table 2 ). The juice yield was influenced by sorghum genotype. EUSS10 had a greater juice volume of 7806.7 L/ha than all other genotypes while SS21 produced the least juice volume (3098.6 L/ha) of all genotypes. All other genotypes were similar with juice volume ranging from 4635 to 5835 L/ha. Means followed by the same letter in the same column are not significantly different at 5% LSD Grain yield was badly damaged by birds in Sinyanya and was not harvested. At all sites, grain yield was affected by genotype. These results are in harmony with findings of Abdalla and Gamar (2011) and Showemimo (2007) who found a significant difference between sorghum lines for grain yield in Sudan. Interestingly, EUSS10 produced the lowest grain yield (1.3 T/ha) which was similar to controls SS14 and SS21 and about 22.5 % lower than other genotypes. From this study, it is evident that considerable juice was lost with bagasse. The single roller press used for juice extraction is inefficient and would not be suitable for commercial production. Irrespective, the rankings of the genotypes for juice yield is still valid because the amount of juice retained by the bagasse was similar across genotypes.
Juice Brix, Sugars, and Ethanol Yield
EUSS11 Brix was similar to that of all control genotypes while EUSS17 Brix was similar to all controls except that of SS04 (Table 3 ). SS04 Brix was 1.4% greater than that of EUSS17. Meanwhile, EUSS10 Brix was less than that of all genotypes. Genotype SS04 recorded greatest percent total sugar (11.1%) and it was similar to that of SS21 and EUSS17. EUSS10 had the least total sugar that was approximately 2 percentage points less than the three control genotypes. Reducing sugar did not differ between genotypes and ranged from 1.4 to 1.9%. Lowest non-reducing sugar (sucrose) was recorded by EUSS10 and it was similar to only that of SS14 and about 1.5% lower than other genotypes. Genotype ACFC003/12 and EUSS10 produced the greatest ethanol yields (423 and 420 L/ha, respectively), but yields were similar to those of SS04, SS14, EUSS17, and EUSS11. Ethanol yields of EUSS10 and ACFC003/12 were about 83% greater than that of the least yielding genotype SS21 and about 37% greater than that of SS17. Means followed by the same letter in the same column are not significantly different at 5% LSD Genotypic differences for juice volume, Brix, and ethanol yield have also been reported (Reddy et al., 2011; Reddy et al., 213; Soleymani et al., 2013; Elangovan et al., 2014; Reddy et al., 2014) . Low ethanol yields recorded by control SS21 was due to its short height and early maturity hence accumulating low biomass and producing low cane and juice yield across the sites. Cane yield (19.6-34.2 T/ha) and juice extractability (48.5-54.7%) obtained from six sweet sorghum varieties by El-Geddawy et al. (2014) . is comparable to results from our study. However, they recorded higher Brix (17.5-21.8%) and plant height (223.4-411.3 cm) . The sugar content of the juice obtained from the study was within the range obtained for other studies (Ritter et al. (2004; Datta Mazumdar et al., 2012) . Sweet sorghum hybrids have been developed that produce higher cane (47 T/ha) and ethanol yield (1940 L/ha) than common genotypes (Sawargaonkar and Wani, 2016) . Higher cane and ethanol yield reported by Atokple et al. (2014) in Ghana than in the present could be attributed to difference in soils, climatic conditions and the stalk variety.
Correlation among Stem Traits
Ethanol yield, cane yield, juice yield, plant height and grain yield were all positively correlated at P<0.001. This result is consistent with findings of Wang et al. (2012) . Juice yield was positively correlated with days to 50% heading at P<0.01, whereas Brix was positively correlated (P<0.001) with total sugar and non-reducing sugar. A negative relationship was observed between extractability and non-reducing at P<0.05; plant height and total sugar at P<0.001 and reducing sugar and non-reducing sugar at P<0.05. Fermentable sugars form a major component of total soluble solids in sweet sorghum stem juice thus a positive linear correlation between Brix and total sugars is expected. Sucrose (non-reducing sugar) is the predominant stalk sugar in sweet sorghum and is converted to reducing sugars (glucose and fructose) by invertase, thus a negative relationship is likely to be observed between reducing and non-reducing sugar. In this study, the greatest ethanol yielding genotypes also had the greatest cane yield, juice yield, and plant height. Thus, tall sorghum genotypes producing high cane yield should be selected for planting to enhance juice yield and consequently high ethanol production.
Genotype EUSS10 produced the lowest Brix values and total sugar yield. However, it yielded the greatest cane and juice volume, and produced ethanol yields that were similar to ACFC003/12. This result highlights the interplay of sugar concentration and juice yield and indicates clearly that sugar yield per hectare (juice yield x sugar concentration) is more indicative of high ethanol yields than sugar concentration alone. In this case, low sugar concentration in EUSS10 was compensated by higher yields of cane and cane juice resulting in a higher sugar yield for ethanol fermentation. Brix values indicate total soluble solids in juice extract and are positively correlated with sugars, and ethanol yield. According to Erickson et al. (2011) , a low Brix value is generally associated with greater fresh biomass production. In their study, they found a negative correlation between Brix values in juice and fresh biomass yield of sweet sorghum genotypes grown in the year 2009 and 2010. Genotype EUSS10 had highest cane yield and lowest Brix concurring with their findings. Further
Genotypes that had a high cane and juice yield, and plant height produced high ethanol yield. These traits together with days to 50% heading were found to be positively correlated with ethanol yield as reported by Prasad et al. (2013) and Rani and Umakanth (2012) . Genotypes that took more time to mature accumulated more biomass, which translated to high juice and consequently high ethanol yield. This is similar to Houx and Fritschi (2013) who also found that the late maturing 'M 81E' genotype had the lowest Brix, but greatest juice yield that resulted in high sugar yields and subsequent ethanol yields that were among the greatest of 12 genotypes evaluated. However, Sweet sorghum should be harvested before stem sugars are converted to starch and stored in grain. 
Conclusions
This study demonstrates that although Brix (%) and total sugar concentration are desirable traits in sorghum stalk juice, juice volume and subsequent sugar yield is the main determinant for ethanol yield. All three genotypes (EUSS10, EUSS11, EUSS17) evaluated produced ethanol yields that were greater than or equal to the genotypes currently grown in Kenya. These three genotypes show characteristics that justify further research to develop management practices to optimize ethanol production and determine if any pests may limit further use.
